Summary &horbar; Hepatic and plasma lipid changes were investigated in hybrid ducks after steatosis was induced by overfeeding. Fourteen hybrid ducks were force-fed (11 kg corn in 13 days). The liver of the overfed ducks weighed ten times more than that of controls (695 vs 69 g). The phospholipid, ash, water and protein content of the liver were only slightly higher (2.6-, 3.6-, 4.4-and 3.2-fold, respectively) but the liver lipid concentration was 16.5 times higher after than before overfeeding (56.1 vs 3.4 g/100 g liver, respectively). Liver phosphatidylcholine concentration was higher in the control group (32.4 vs 22.9 mol/100 mol phospholipid) revealing a choline deficiency that could contribute to the development of liver steatosis. In liver phospholipid, the level of linoleic and arachidonic acids were markedly decreased in the overfed ducks, from 5 and 18.1 to 3.7 and 7.1 mol/100 mol fatty acids, respectively, and were mainly replaced by oleic acid. Plasma triacylglycerols increased 5.9-fold, cholesterol 2.2-fold and phospholipids 1.6-fold. Heat-induced (50 min at 105 °C) fat release, an index of poor liver integrity, was particularly high for the large, fat livers which contained low levels of phospholipids and phosphatidylcholine.
gavage (32,4 versus 22,9 mo l /100 mol de phospholipides), suggérant une déficience en choline qui pourrait contribuer à la stéatose hépatique. Les (Auvergne, 1992; Salichon et al, 1994) , which is now commonly used for foie gras production. Studies carried out in geese and the muscovy duck have demonstrated that most of the lipid accumulated in the liver is triacylglycerol (Leclercq et al, 1968; Blum et al, 1990; Baudonnet-Lenfant et al, 1991) . ). Protein, water and phospholipids are proportionally reduced, but their total amounts in the liver are increased. In geese, it appears that triacylglycerols are actively synthesized from carbohydrates within the liver and partly released into blood in the form of very low density lipoproteins (VLDL). In spite of the increase in blood VLDL levels and very active triacylglycerol transport resulting in peripheral fatness (RousselotPaillet et al, 1992) , synthesis of VLDL by the liver appears insufficient to prevent steatosis (Hermier et al, 1991; Salichon et al, 1991 ) .
It was also observed that the fat release during the exposure of the dissected liver to heat (50 min at 105 °C), an index of poor liver integrity currently used in grading foie gras, was high for large livers. In geese, a significant negative correlation (r=-0.7) was found between fat release and liver phospholipid contents (Blum et al, 1990 ).
Phospholipids of cell membranes and their fatty acid composition are related to membrane fluidity (Kinsella, 1991 Phospholipids are also needed for triacylglycerol transport in VLDL and may be involved in liver integrity. The present experiment was carried out to determine the lipid characteristics of liver steatosis in hybrid ducks, with particular emphasis on phospholipids in relation to heat-induced fat release. The fatty acid composition of total liver phospholipids was also determined.
MATERIALS AND METHODS

Animals and diets
One-day-old male hybrid ducks (male muscovy duck x female common duck) of commercial origin (Sepalm, 40250 Mugron, France) were raised according to Rousselot et al (1992) . From (Auvergne, 1992 (Juaneda and Rocquelin, 1985) . Phosphatidic acid (PA), diphosphoglyceride (DPG), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylcholine (PC), sphingomyeline (SM) and lysophosphatidylcholine (LPC) contents were also determined by TLC-FID with the latroscan. Chloroform/methanol/water 80/35/5 (v/v/v) was used as the development solvent with a 35 min development time (Innis and Glaninin, 1981) . ). Fatty acid profiles were determined from the total liver phospholipid extracts. Samples were transesterified with 10 mL methanol: H 2 SO 4 (5% v/v) in a flask with a reflux condenser at 80 °C for 2 h. The flask contents were transferred to a test tube containing 10 mL n-hexane and 10 mL distilled water. After thorough mixing, the two layers were separated. The upper layer, a solution of fatty acid methyl esters in n-hexane, was analyzed using a gas chromatograph (Gira Instruments, Morlaas, France) according to Slover and Lanza (1979 (Nir and Nitsan, 1976; Blum et al, 1990; Rousselot-Paillet et al, 1992) and ducks (Salichon et al, 1994) .
Concentrations of some liver components were also correlated with fat release. Of the lipids, triacylglycerols correlated positively (r= +0.75), whereas total phospholipids and phosphatidylcholine correlated negatively (r= -0.86 and -0.67, respectively). A significant correlation was also observed with the concentration of linoleic acid in the phospholipids (r=-0. 5 2). Nonlipid components correlated negatively (r=-0.82, -0.87 and -0.75) with protein, water and ash concentrations, respectively. Several components were interrelated. Lipids and their major component, triacylglycerol, correlated positively with each other and with liver weight but negatively with phospholipids (-0.83 to -0.87). A high and negative correlation (-0.95) was observed between PE and PC.
DISCUSSION
The liver steatosis called foie gras has been more often described in geese than in ducks (Blum and Leclercq, 1973; Nir and Nitsan, 1976; Blum et al, 1990) . In proportion to body weight, liver weight was 6.3 times higher in overfed than in control hybrid ducks. On the other hand, the proportion of body weight accounted for by liver weight in muscovy ducks is only 8.2 to 8.8% (Baudonnet-Lenfant et al, 1991) compared to geese whose livers represent 10.3% of their body weight (Bogin et al, 1984) . This was mainly due to lipid accumulation which accounted for 56% of the liver weight as previously observed in geese (Blum et al, 1967; Blum and Leclercq, 1973) and in ducks (Baudonnet-Lenfant et al, 1991 ) .
The mechanisms responsible for foie gras development are not yet fully understood. In birds, increased hepatic lipogenesis is a normal response to overfeeding.
Although VLDL blood concentration was found to be 13 times higher in force-fed geese (Hermier et al, 1991 ) , lipids accumulated in the liver which could be the result of partial failure in the synthesis or secretion of VLDL compared to lipogenesis rate (Hermier et al, 1991; Salichon et al, 1991 (Blum et al, 1990 ). Heat-induced fat release, which is currently used in industry to evaluate the quality of foie gras, seems to be a better quality marker (Blum et ai, 1990 (Aarsaether et al, 1988; Zeisel and Canty, 1993) . The lower concentration of phosphatidylcholine was compensated for by a higher concentration of PS which could encourage PE synthesis (Houweling et al, 1992) . The higher concentration of phosphatidic acid and diphosphoglycerides could result from an increased rate of concentrated phospholipid turnover (Exton, 1994 (Sonaiya, 1988 Finally, it may be concluded that foie gras which is obtained in hybrid ducks does not greatly differ from that obtained in geese. Development of liver steatosis requires a failure of the fat-releasing mechanisms into the blood and also the ability of liver cells to hypertrophy and accumulate fat in association with other structural components (water, minerals, proteins, phospholipids). Choline deficiency and decreased retention of essential fatty acids were observed. Further experiments must be undertaken to determine the effects of this choline deficiency and the relation between insulin and fatty acid composition in the liver.
